Abstract: We theoretically investigate how to efficiently couple a photonic waveguide to a dielectric-loaded surface plasmon polariton (DLSPP) waveguide when they are based on a common core material. The DLSPP waveguide is tapered and butt coupled to the photonic waveguide. First, we propose the use of a dielectric with a higher refractive index than the dielectrics of previous DLSPP waveguides. The photonic and DLSPP waveguides are designed to reduce the loss and tapering region length of the coupling, and the tapering region is optimized. We achieve the coupling between the photonic and DLSPP waveguides based on a dielectric of refractive index of 1.57 with a coupling loss of 2.3 dB through a 3-mlong coupling region. The coupling loss is further reduced by modifying the DLSPP waveguide into a double-DLSPP ðD 2 LSPPÞ waveguide. The D 2 LSPP waveguide has an additional lowindex dielectric between its high-index dielectric and metal layer. Designed appropriately, the D 2 LSPP waveguide can be coupled to the photonic waveguide with a coupling loss of 1.1 dB through a 4-m-long coupling region. Since the photonic and DLSPP or D 2 LSPP waveguides investigated in this paper can be simultaneously fabricated, they may constitute an easily realizable hybrid planar lightwave circuit with a relatively low loss.
Introduction
Surface plasmon polaritons (SPPs) are electromagnetic waves which travel along metal-dielectric interfaces [1] . Since an SPP is coupled to the collective oscillation of free electrons in a metal surface, its wavelength can be made much shorter than the free-space wavelength . Because of this property of SPPs, SPP-based nanoplasmonic waveguides are believed to overcome the diffraction limit: they can support a mode which has a mode area much smaller than ð=2Þ 2 [2] . The strong light confinement of nanoplasmonic waveguides enables a nanoplasmonic waveguide device to efficiently control a light signal in a compact region. Thus a variety of nanoplasmonic waveguides have been investigated. A few examples are metal-insulator-metal (MIM) waveguides [3] - [5] , metal-insulator-silicon-insulator-metal (MISIM) waveguides [6] - [10] , and dielectric-loaded SPP (DLSPP) waveguides [11] - [13] . Compared to MIM or MISIM waveguides, a DLSPP waveguide has a rather large mode area similar to ½=ð2n d Þ 2 , where n d is the refractive index of its loaded dielectric (or core material). However, it can be much more easily implemented than MIM or MISIM waveguides. In addition, it has smaller propagation loss than MIM or MISIM waveguides. Moreover, it is a good platform for realizing functional nanoplasmonic devices based on various dielectrics such as electrooptic polymer [14] and polymer with gain [15] . Because of these features, DLSPP-waveguide-based directional couplers [16] , ring resonators [17] , [18] , and Mach-Zehnder interferometers [18] , [19] have been developed.
Although the propagation loss of a DLSPP waveguide is relatively small, it is still much larger than that of a photonic waveguide. To circumvent this problem, a hybrid structure which consists of photonic and DLSPP waveguides is required. Photonic waveguides are used to transmit light signals, and DLSPP waveguides are used to control light signals [20] - [23] . In such a hybrid structure, it is essential to efficiently couple a DLSPP waveguide to a photonic waveguide. Although other nanoplasmonic waveguides have been coupled to photonic waveguides through various methods like directional coupling [24] , [25] , end-fire coupling with or without tapering has been used for DLSPP waveguides. In the case of the hybrid structure based on silicon photonic waveguides, end-fire coupling between a silicon photonic waveguide and a DLSPP waveguide was optimized by adjusting the vertical offset between them [20] , [21] . The optimal loss of the end-fire coupling is about 1 dB. In the case of the hybrid structure based on photonic waveguides with the same core material as DLSPP waveguides, the DLSPP waveguides are tapered to match their dimensions to those of the photonic waveguides [22] , [23] . This is because the core dimensions of the photonic waveguide are a few micrometers. When poly(methyl methacrylate) (PMMA) of refractive index 1.49 was used as a core material, the width of the loaded dielectric, w d , was increased to the width of the core of the photonic waveguide, w p , over a distance l t between 25 and 35 m [22] . The loss of the coupling via the tapering was $3 dB. When the nanoimprint lithography resist mr-NIL 6000 of refractive index 1.523 was used as a core material, the height of the loaded dielectric, h d , as well as w d was increased, and h d was increased to the height of the core, h p [23] . In this case, l t was 50 m, and the coupling loss was $1.8 dB. However, to our knowledge, there has been no research on an improvement of the coupling between photonic and DLSPP waveguides with the same core material. Such an improvement may pave the way for a hybrid structure with small loss, which is easily realizable since photonic and DLSPP waveguides with the same core material can be made simultaneously.
In this paper, we theoretically investigate how to improve the efficiency of the coupling between photonic and DLSPP waveguides with the same core material. The improvement means reduction of the coupling loss and the length of the tapering region, l t , for the coupling. In Section 2, we try to do so by employing a dielectric with a refractive index higher than those of the previous loaded dielectrics. The photonic and DLSPP waveguides based on the high-index dielectric are designed, and the tapering length is optimized. In Section 3, to further reduce the coupling loss, we modify the DLSPP waveguide based on the high-index dielectric. The modified DLSPP waveguide is called a double-dielectric-loaded SPP ðD 2 LSPPÞ waveguide. We discuss the characteristics of the D 2 LSPP waveguide and the coupling between the D 2 LSPP waveguide and the photonic waveguide with the high-index dielectric core. Finally, concluding remarks are given in Section 4.
DLSPP and Photonic Waveguides Based on the Same High-Index Dielectric
The investigated photonic and DLSPP waveguides are schematically shown in Fig. 1(a) and (b) , respectively. The top view of the coupling structure where the DLSPP waveguide is linearly tapered and connected to the photonic waveguide is also shown in Fig. 1(c) . The two waveguides are on the same substrate. The structure's refractive index n s was set to that of the UV-curable polymer Exguide LFR (ChemOptics Inc.) such that n s ¼ 1:375. The loaded dielectric of the DLSPP waveguide is on the gold film with thickness t d , which was set to 0.1 m. The refractive index of gold is 0:559 þ i9:
In other words, we do not consider that the DLSPP waveguide is vertically tapered since it is not easy to implement a vertically tapering structure. In the following discussion, ¼ 1:55 m.
For the efficient coupling between the photonic and DLSPP waveguides, the photonic waveguide is appropriately designed such that it supports only the fundamental mode, which is confined as tightly as possible in the core. Using the mode solver FIMMWAVE (Photon Design) based on the finite element method, we found the region of ðh p ; w p Þ which allows the photonic waveguide to support only the fundamental transverse-magnetic (TM) mode TM p00 . The two regions for n d ¼ 1:49 and 1.57 are shown in Fig. 2(a) . TM p00 is cut off for ðh p ; w p Þ on the lower curve of each region. The first higher-order mode TM p10 is cut off for ðh p ; w p Þ on the upper curve of each region. ðh p ; w p Þ close to the upper curve of each region should be chosen to ensure that TM p00 is well guided. However, we cannot choose an arbitrarily large value of h p due to two constraints. One constraint is related to fabrication of the loaded dielectric pattern. We checked that the fundamental TM mode of the DLSPP waveguide, TM d00 , is most tightly confined in the x direction if w d ffi 0:5 m, which is approximately equal to =ð2n d Þ. The larger the ratio of h d to w d is, the harder the fabrication is. If the Fig. 2(a) . If n d ¼ 1:49, w p needs to be large (e.g., 9 4:5 m) for a moderate value of h p (e.g., 0.9 m). Then, l t needs to be large, and the coupling loss becomes large due to metallic loss in the long tapering region. w p can be made smaller than 3.5 m if h p is chosen to be close to 1.15 m. However, in this case, it seems difficult to satisfy the first constraint. In the case of n d ¼ 1:57, the photonic waveguide with w p ¼ 2:5 m and h p ¼ 0:9 m supports only TM p00 , and TM p00 is far from cut-off.
The result in Fig. 2 shows that n d needs to be large to reduce w p and h p such that the size mismatch between the photonic waveguide core and the loaded dielectric can be alleviated to some extent. However, if n d is too large, it becomes inefficient to launch light into the photonic waveguide. In addition, there are few waveguide materials which have a large refractive index and can be easily processed. The negative photoresist SU-8 has a refractive index of 1.57; it can be patterned by using either optical lithography or e-beam lithography [26] , [27] . In addition, it has already been used for optical waveguides [28] . Therefore, n d was set to 1.57, and w p , h p , w d , and h d were determined to be 2.5, 0.9, 0.5, and 0.8 m, respectively. The propagation loss d of the DLSPP waveguide is 0.13 dB=m.
Using the finite-difference time domain (FDTD) method (FDTD solutions, Lumerical Inc.), the coupling structure was analyzed. TM p00 was launched at position P 1 in the photonic waveguide. For this input, power transmittance T was calculated at position P 3 in the DLSPP waveguide; P 3 is at a distance l d from position P 2 where the coupling structure ends. The coupling loss of the coupling structure is defined as the subtraction of the straight DLSPP waveguide loss given by d Â l d from À10 log 10 T ðdBÞ. The calculated coupling loss is shown as a function of l t in Fig. 3(a) . We checked that the amount of radiated fields around the tapering region decreases as l t increases up to 3 m. Hence, the coupling loss decreases. However, if l t increases over 3 m, metallic loss in the tapering region causes the coupling loss to increase. Therefore, the minimum coupling loss of 2.3 dB is obtained for l t ¼ 3 m. The coupling loss was also calculated in a reverse way. The reverse way means that TM d00 was launched at P 3 and the electromagnetic fields were monitored at P 1 . By applying the conjugated mode orthogonality relation to the monitored fields, the power transmittance from TM d00 to TM p00 was calculated. The coupling loss was obtained from the power transmittance, and it is 2.2 dB for l t ¼ 3 m. Consequently, when l t ¼ 3 m, TM p00 most efficiently excites TM d00 , and vice versa. This value of l t is about one tenth of the previous values in [22] , [23] , and the coupling loss is smaller than that in [22] . The influence of the vertical offset between the two waveguides on the coupling loss was also analyzed. As shown in the inset of Fig. 3(b) , the core of the photonic waveguide is displaced upwards (downwards) if the displacement h off is positive (negative). For simplicity, we assumed that an abrupt junction exists between the two waveguides. The coupling loss calculated for l t ¼ 3 m, h d ¼ 0:8 m, and h p ¼ 0:8 m is shown in Fig. 3(b) with respect to the displacement h off . As h off increases, the fields of TM p00 in the substrate are more efficiently coupled to the DLSPP waveguide. However, if h off keeps increasing, the fields of TM p00 in the region for y 9 h d þ t d are not coupled to the DLSPP waveguide since TM d00 is well confined in the loaded dielectric of height h d . Therefore, when h off ¼ 75 nm, the coupling loss is minimized at 2.1 dB. As explained in Introduction, the vertical offset between a silicon photonic waveguide and a DLSPP waveguide is appropriately determined such that the loss of the end-fire coupling is minimized. However, in the case of the hybrid structure consisting of the SU-8-based photonic and DLSPP waveguides, the vertical offset has no clear advantage in reducing the coupling loss. A different method is required to further reduce the coupling loss.
D 2 LSPP Waveguide
The coupling loss is mainly caused by the fact that TM d00 does not have fields below y ¼ 0 m but TM p00 does. Therefore, the fields of TM p00 below y ¼ 0 should be reduced to further decrease the coupling loss. This can be achieved by increasing h p . However, the increase of h p results in an increase of h d such that TM d01 is supported by the DLSPP waveguide. To solve this problem, we modify the DLSPP waveguide into the D 2 LSPP waveguide shown in Fig. 4(a) . The second dielectric of refractive index n d2 and height h d2 is placed in between the gold film and the loaded dielectric. n d2 G n d , and
2 LSPP waveguide is similar to a silicon-based hybrid plasmonic waveguide with a metal cap [29] . However, the D 2 LSPP waveguide is not a hybrid plasmonic waveguide since the difference between n d and n d2 is small enough that light is not strongly confined in the second dielectric. The intensity distribution of the fundamental TM mode, which is still denoted by TM d00 , of the D 2 LSPP waveguide is shown in Fig. 4(b) for h d ¼ 0:6 m, n d2 ¼ 1:45, and h d2 ¼ 0:4 m. It is similar to that of the DLSPP waveguide. Because of the second dielectric, we can increase h p to some extent while maintaining the single-mode operation of the D 2 LSPP waveguide. In addition, the fields of TM d00 shift upwards [see Fig. 4(e) ]. Consequently, TM p00 better matches TM d00 of the D 2 LSPP waveguide than TM d00 of the DLSPP waveguide. The refractive index of the second dielectric, n d2 , was set to 1.45. There are a few materials with this refractive index. For example, the negative e-beam resist hydrogen silsesquioxane (HSQ) may be used. HSQ has been also used for optical waveguides [30] . We expect that it would be possible to simultaneously pattern SU-8 and HSQ by using e-beam lithography. In addition, the UV-curable polymer Exguide ZPU13 (ChemOptics Inc.) can be used. In this case, SU-8 is first patterned by using optical lithography, and the second dielectric is dry-etched by using the SU-8 pattern as an etching mask.
We checked that the D 2 LSPP waveguide supports only TM d00 when h d þ h d2 1 m and h d2 ! 0:2 m. With h d and h d2 varied under the constraint that h d þ h d2 ¼ 1 m and h d2 ! 0:2 m, the effective mode area and propagation loss of TM d00 were calculated. The effective mode area is defined as ½ R W ðrdAÞ 2 =½ R W ðrÞ 2 dA, where W ðrÞ is the energy density [31] . The calculated effective mode area and propagation loss are shown in Fig. 4(c) with respect to h d2 . As h d2 increases, the fields of TM d00 become weak on the gold surface, and they are more widely distributed in the loaded double dielectrics. This can be confirmed from the distributions of the magnitude of the y -component of the electric field of TM d00 , jE y j, along the vertical centerline of the loaded double dielectrics; they are shown in Fig. 4(d) and (e) for h d2 ¼ 0:2 and 0.4 m, respectively. Hence, the effective mode area increases, and the propagation loss decreases. However, if h d2 increases further, the fields become strong on the gold surface again as shown in the distribution of jE y j for h d2 ¼ 0:8 m in Fig. 4(f) . In other words, the D 2 LSPP waveguide behaves like a DLSPP waveguide. Therefore, the effective mode area decreases, and the propagation loss increases.
The D 2 LSPP waveguide is connected to the photonic waveguide in the same way as the DLSPP waveguide: the top view of the coupling structure for the D 2 LSPP waveguide is the same as shown in Fig. 1(c) . For some values of h d and h d2 , we calculated the coupling loss as a function of l t , and the calculation results are shown in Fig. 5(a) . Similar to the result in Fig. 3(a) , as l t increases, the loss due to the radiated fields in the tapering region decreases, and the metallic loss increases. Hence, the coupling loss is minimized when l t ¼ 4 m. Next, the coupling loss was calculated as a function of h d2 while l t was set to 4 m. The calculation result is shown in Fig. 5(b) . As the effective mode area of TM d00 increases and the propagation loss in the tapering region decreases, the coupling loss decreases. For h d2 near 0.4 m, the effective mode area is maximized, and the propagation loss is minimized, as shown in Fig. 4(c) . When h d ¼ 0:6 m and h d2 ¼ 0:4 m, the coupling loss is minimum, being equal to 1.1 dB. Consequently, the use of the D 2 LSPP waveguide with h d ¼ 0:6 m and h d2 ¼ 0:4 m enables the coupling loss to be reduced from 2.3 dB to 1.1 dB and the propagation loss d to be reduced from 0.13 dB=m to 0.083 dB=m. However, l t increases from 3 m to 4 m, and the effective mode area increases from 0.5 m 2 to 0.68 m 2 .
Conclusion
In summary, we have investigated how to improve the efficiency of the coupling between photonic and DLSPP waveguides with the same core material. We have developed methods of reducing the coupling loss and the tapering length. First, the lithographically patternable SU-8, which has a larger refractive index than the dielectrics of the previous DLSPP waveguides, is employed as a core material. Then, the photonic and DLSPP waveguides are designed to support only the wellconfined fundamental mode. The photonic waveguide can be coupled to the DLSPP waveguide with a minimum coupling loss of 2.3 dB through a 3-m-long tapering region. The coupling loss and the tapering region length are smaller than those reported previously. The coupling loss is further reduced by modifying the DLSPP waveguide into a D 2 LSPP waveguide. In the D 2 LSPP waveguide, SU-8 and another dielectric of refractive index 1.45 (e.g., HSQ) are loaded on the gold film. When the thicknesses of the second dielectric and SU-8 are 0.4 and 0.6 m, respectively, the photonic waveguide can be coupled to the D 2 LSPP waveguide with a minimum coupling loss of 1.1 dB through a 4-m-long coupling region.
A hybrid structure consisting of the photonic waveguides and the DLSPP or D 2 LSPP waveguides studied in this work is expected to be useful for an easily-realizable hybrid planar lightwave circuit with relatively low loss. A light source or a photodetector is connected to such a hybrid structure through a small-core fiber. If a small-core fiber of core diameter 1.8 m and numerical aperture 0.35 (UHNA3, Nufern Inc.) is used, the loss of the butt-coupling between the fiber and the photonic waveguide is 3.1 dB. This is similar to the loss of the coupling between a single-mode fiber and the photonic waveguide in [22] . A preliminary experiment for realization of such a hybrid structure is to make a submicron SU-8 pattern with an aspect ratio larger than 1 on a gold film. Although the adhesion of SU-8 to gold is poor, a SU-8 pattern can be well formed on a gold film by using the adhesion promoter ZAP1020 (ChemOptics Inc.). A surface scanning electron microscope (SEM) image and a cross-sectional SEM image of the SU-8 pattern are shown in Fig. 6 . The width and height of the pattern are 0.5 and 0.8 m, respectively. Based on this result, the hybrid structure may be developed soon.
